Abstract Although recent voltage-clamp and microelectrode studies have demonstrated 3-adrenergic modulation of Na+ current (INa) the modulation of conduction by catecholamines and the voltage dependence of that process have not been elucidated. To determine whether voltage-dependent modulation of conduction occurs in the presence of a ,B-adrenergic agonist, the effect of 1 gmol/L isoproterenol on impulse propagation in canine Purkinje fibers was examined by using a dual-microelectrode technique. At physiological 
it follows that parallel modulation of conduction might accompany any voltage-dependent change in INa produced by adrenergic stimulation. Although adrenergic modulation of conduction has been previously examined both in vitro and in vivo24-26 the dependence of ,B-adrenergic modulation of conduction on membrane potential and the effect of isoproterenol on the 02 and Vmax relation under such circumstances have not been completely elucidated. Given the relevance of such observations to a clarification of catecholamine effect under pathological conditions in vivo, the present study was undertaken to test the hypothesis that under conditions of membrane depolarization, any observed decrease in Vmax after isoproterenol exposure should be accompanied by conduction slowing.
Materials and Methods

Tissue Preparation
Canine Purkinje fibers were retrieved from 15-to 25 -kg mongrel dogs after pentobarbital (30 to 50 mg/kg IV) anesthesia, as previously described.21 After rapid excision, the intact hearts were immediately submersed in chilled (PC to 2°C) high-K' cardioplegia solution (17 mmol/L K' L-glutamate added to Tyrode's solution). Free-running nonbranched Purkinje fibers (. 1.0 cm) were dissected free, fixed in a fast-flow Lucite chamber, and superfused with Tyrode's solution containing (mmol/L) NaCl 129, NaHCO3 20, NaH2P04. H20 0.9, dextrose 5.5, MgCl2* 6H20 0.5, CaCl2 2.5, and KC1 5.4 delivered at a flow rate of 8 to 12 mL/min. Temperature was maintained at 36.5+±0.5°C, and pH was maintained at 7.40±0.05 by equilibration with a 95% 0215% CO2 gas mixture.
Signal Recording and Data Analysis
Transmembrane potential (Vm) recordings from the mid and distal regions of the fiber were made with borosilicate glass microelectrodes (outside/inside diameters, 1.0/0.5 mm) beveled to a tip resistance of 8 to 12 MQ (WPI beveler, model 1300M). Electrodes were filled with 3.0 mol/L KCI and coupled via a Ag/AgCl wire to a high-impedance WPI electrometer (model Duo 773). The bath was held at ground with a 3-mol/L K' salt agar bridge. Analog action potential signals were filtered with a continuous 1-to 30-kHz low-pass roll-off filter (40 
Stimulation Protocol
Purkinje fibers were stimulated with 1.0-millisecond constant current pulses using a pair of Teflon-coated silver wires positioned at least 4 mm proximal to the first electrode. Stimulus intensity was maintained at 1.5 to 3.0 times diastolic threshold as assessed at the beginning of each stimulation protocol. During K' titration, stimulus intensity was adjusted to maintain fiber stimulation capture with consistent latency during each serial intervention. All fibers showed <5% variability in conduction time under control conditions. Only experiments in which single impalements were maintained and conduction remained continuous during the entire experiment were analyzed. the maximum projected 62, the Vm at which 50% inactivation occurred, and the slope factor, respectively. An additional four fibers were examined under light-free conditions after pretreatment with the Ca2' channel antagonist nisoldipine. In three of these experiments, 10`6 mol/L tetrodotoxin (TTX) was added at peak K+ depolarization in the presence of isoproterenol to confirm the contribution of residual INa to excitability and conduction.
Statistical Analysis
All data are reported as mean±1 SD. Where statistical treatment was warranted, significance of differences between means was determined by the nonparametric Wilcoxon signedrank test, with P<.05 taken as significant. This approach provided a more rigorous assessment of the significance of differences than found using parametric testing methods. 14 experiments demonstrating the effects of isoproterenol (ISO) on the electrical properties of normally polarized fibers; control 2, the set of experiments demonstrating the electrical effects of initial K+ titration to 12 mmol/L (column 4) and then subsequent return to the control value, followed by 10-6 mol/L ISO addition and repeat K+ titration to 12 mmol/L (column 5) for eight separate fibers; Vmn, resting membrane potential; APA, action potential amplitude; VOS, action potential overshoot amplitude; APD50, APD75, and APD95, action potential durations at 50%, 75%, and 95% repolarization, respectively; 0, conduction velocity; CD, conduction delay; and V,,ax, maximum first derivative of the only infrequently observed with membrane in the presence of isoproterenol.
Isoproterenol produced a hyperpolarizii Boltzmann curves generated from the 02.. (P<.05), when determined from the Vm; (Fig 2) . The The dependence of the observed conduction slowing on Ica was examined in four additional fibers after nisoldipine pretreatment. Nisoldipine had minimal effect on conduction and apparent Na+ channel availability curves. In the presence of nisoldipine, isoproterenol produced a 2-to 3-mV hyperpolarizing shift in the midpoint of the Boltzmann-fit curves: -70+2 to -72+4 mV from 62 and -70±3 to -73±4 mV from Vmax (Fig  4) . The slope factor of the normalized relation between 62 and Vm decreased insignificantly (from 4.2+±3.1 to 3.3+1.7 mV-1). In three fibers, exposure to 1 ,mol/L TTX after 12 mmol/L K' depolarization in the presence of isoproterenol resulted in a beat-by-beat decrease in Vma, and 62 until membrane excitability was lost (at maximal stimulus intensity of 4.5 mA) without altering Vm (Fig 5) . This indicated that conduction was still driven by depressed fast inward currents at [K'], of 12 mmol/L in the presence of isoproterenol.
The possibility that the expression of the P-adrener- prevented by ligation of the hepatic artery and a-but not ,B-adrenergic blockade. The study was limited by the complexity of the intact preparation, the Vm indicates resting membrane potential; APA, action potential amplitude; V,,, action potential overshoot amplitude; APD50, APD75, and APD95, action potential durations at 50%, 75%, and 95% repolarization, respectively; 6, conduction velocity; CD, conduction delay; and Vm,,, maximum first derivative of the upslope of phase 0 of the action potential. 5 ,umol/L isoproterenol produced a 50% decrease in peak 'Na elicited by more was observed on exposure to isoproterenol or 8-CPTcAMP when cells were held at -90 mV and studied at test potentials to +30 mV.
Our finding of significant decreases in both Vm and 02 in a propagating preparation is at variance with the findings of Gintant and Liu,'4 who noted an isoproterenol-induced reduction in Vma, or INa in single dispersed myocytes but not in syncytial myocardium. The reason for this difference in similar syncytial preparations is unclear but could be related to the difference in resting membrane potentials during the study or might be related to the order of isoproterenol/K+ addition. In the present study, the decrease in Vma, and 02 was maximized by isoproterenol pretreatment and subsequent K+ depolarization. The reverse order of K+ depolarization followed by isoproterenol exposure as used by Gintant and Liu showed less effect. Although 02 decreased under these circumstances, Vma, was unchanged. This raises the possibility that channel conformational changes occurring with K' inactivation under such circumstances alter isoproterenol-related phosphorylation of Na+ channels.
Passive Property Modulation by /3-Adrenergic Effect Modulation of passive properties by isoproterenol is an alternative mechanism for the observed slowing of conduction. With initial K+ titration, changes in conduction were directionally different from those of Vma, reflecting an area of enhanced excitability and accompanying conduction. 22, [36] [37] [38] The relation between V and 02 with further K+ titration, however, remained linear (Fig 3) 
Limitations
Several limitations should be considered in interpreting these results. The precise relation between Vma. and Na+ conductance (gNa) is unclear,52 54 although the potential overestimation of gNa by Vmax appears to be small in the range of Vmx, change and temperatures observed in our studies.55 It is also unclear whether the presence of isoproterenol results in an improvement or further distortion in the relation between Vmmx and gNa. It is also possible that contaminating currents augmented by isoproterenol might have altered Vm.,, further altering its relation with INa, although it has been argued that this is unlikely.14 The present studies performed in the presence of nisoldipine limited the chance of sufficient Vma contamination from inward Ca21 currents, and the addition of TTX further validated our contention that a Na+-carried current was the chief contributor to propagation. In contrast, the microelectrode technique allowed an examination of isoproterenol modulation of conduction at physiological temperatures, in the absence of appreciable internal environment disruption.
Clinical Implications
This demonstration of a catecholamine-mediated depression of conduction at depolarized potentials may have important implications in explaining arrhythmogenesis under ischemic conditions. An increase in [K+] o to 12-to 16-mmol/L levels within the first 10 to 20 minutes of ischemia5657 and an increase in local catecholamine release from sympathetic nerve terminals58, 59 have been well documented. Given these pathophysiological changes, it is not unreasonable to speculate that the effect of both channel inactivation and sympathetic stimulation in ischemic tissue could produce even greater conduction slowing than that produced by membrane depolarization alone. The 35% slowing of conduction we observed under abnormal conditions is even more dramatic given the acceleration of conduction with isoproterenol in physiological solutions. This, in theory, could provide a mechanism for an increased dispersion of conduction in ischemic versus nonischemic tissue. Furthermore, the expected decline in APD and refractoriness with catecholamines in addition to conduction slowing could favor the generation of reentrant circuits within an ischemic zone. If the findings from relatively linear conduction in Purkinje fibers can be generalized to more complex conduction in ventricular myocardium where conduction is slower and compliexpected to lead to serious arrhythmias. Conversely, these findings suggest an additional rationale for p-blocker therapy in the ischemic or postinfarction setting.
